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ABSTRACT: We report the synthesis and structural
evolution of P2−Na0.67[Mn0.66Fe0.20Cu0.14]O2 during charge
and discharge as a positive electrode for Na-ion batteries.
Operando X-ray diffraction analysis revealed the existence of
two phase transitions in the voltage window between 1.5−4.3
V. Ex situ pair distribution function analysis was used to
characterize the local structure of the high-voltage phase which
is disordered along the c-axis and is derived by the migration of
a fraction of iron ions into the interlayer space. Operando X-
ray absorption spectroscopy was employed to monitor the
local structural evolution of the transition metals and shows
the existence of Mn3+/4+ redox below ∼3.4 V, followed by the
redox activity of Cu and Fe ions at higher voltages. However, no change was observed in the K-edge X-ray absorption near-edge
spectrum of any of the transition metals at voltages above 4.1 V, where the growth of the high-voltage phase is initiated. The
combination of these results implies the reversible contribution of oxide ion redox to the capacity, which is coincident with metal
migration. The above processes result in voltage fading over cycling, similar to that exhibited by Li2MnO3-based positive
electrode materials in Li-ion batteries.

■ INTRODUCTION

The development of sustainable energy generation and storage
technologies is garnering increasing attention due to the
growing demand for energy that parallels environmental
concerns regarding fossil fuel dependency. Li-ion batteries are
widely used in portable electronic devices and their application
is rapidly expanding to vehicle electrification owing to their
high energy densities. Na-ion battery (NIB) technology is
considered as a promising alternative for LIBs for large-scale
applications.1−3 This is especially true for grid storage where
cost is an important criterion. Resource availability of lithium
and hence its cost may change dramatically in the future,
whereas sodium will always be a highly abundant element.
Layered sodium metal oxide host materials composed of low-

cost and nontoxic transition metals such as Mn and Fe have
been the focus of many studies and are considered promising
candidates for positive electrodes for Na-ion batteries.4−9 The
demonstration of Fe3+/4+ redox activity in layered sodium metal
oxides,10,11 which is not observed in their lithium counterparts,
attracted a great deal of attention from the research community
because of the possible sustainability and high-voltage
advantages of such materials. However, subsequent studies
revealed their structural instability during cycling. Migration of
a fraction of transition-metal ions from the octahedral site of
MO2 layers (M: transition metal) into the tetrahedral site of the
interlayer space was shown to occur in NaxMO2 (x ≤ 1) at high

voltage.12−14 Partial substitution of Fe atoms by Mn, Ni, Co,
and Ti enhances the structural stability, capacity retention, and
rate capability.12,14−22

Sodium metal oxides with Cu2+/3+ redox activity have been
explored over the past few years as potential positive electrode
materials for Na-ion batteries and are interesting because of the
cost and safety advantages of Cu compared to Ni and Co. The
O3-NaCuO2 phase was reported by Takahashi et al.

23 to deliver
a specific capacity of more than 140 mAh·g−1 in the voltage
range of 0.75−3.0 V, but with poor capacity retention. P2−
Na0.68[Cu0.34Mn0.66]O2, P2−Na0.68[Cu0.34Mn0.50Ti0.16]O2, and
O3−Na0.9[Cu1/4Fe1/4Mn1/4Ti1/4]O2 materials exhibited limited
cycling behavior in seminal studies on these materials.24,25

Later, P2−Na2/3[Cu1/3Mn2/3]O2 was reported to deliver 67
mAh·g−1 capacity on the first discharge cycled in the voltage
range of 3.0−4.2 V at a rate of C/4 (where a 1C rate is defined
as charge/discharge in 1 h) and survived 1000 cycles with 61%
capacity retention.26 In the same study, X-ray absorption
spectroscopy (XAS) revealed a charge compensation mecha-
nism based on the Cu2+/3+ redox couple, whereas manganese
ions were found to be electrochemically inactive. In a different
study, Cu2+/3+ and Fe3+/4+ ions were found to be responsible for
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the redox activity of O3−Na0.9[Cu0.22Fe0.30Mn0.48]O2.
27 Hu et

al.28 studied P2−Na7/9[Cu2/9Fe1/9Mn2/3]O2 and reported good
capacity retention (87% after 150 cycles at a 1C cycling rate),
persistence of the P2 structure over the voltage window of 2.5−
4.2 V, and air stability for this material. During the preparation
of this paper, it came to our attention that P2
Na2/3Ni1/3‑xCuxMn2/3O2 has also been investigated and is
reported to retain a P2/OP4 structure when cycled to high
voltages.29

Understanding the impact of copper substitution on the
stability of NaxMO2 materials requires in-depth characterization
to probe phase transitions during cycling, the reactivity with
ambient atmosphere, and charge compensation mechanisms.
Clear insight into these issues is necessary to optimize the
composition to obtain suitable stability with minimal
compromise of the energy density. Herein, the structural
evolution of P2−Na0.67[Mn0.66Fe0.20Cu0.14]O2 during the first
charge and discharge is studied by operando X-ray diffraction
(XRD) and ex situ pair distribution function (PDF) analyses to
examine the effect of phase transitions on the electrochemical
performance of the material. The results are compared with
t h o s e o f o u r p r e v i o u s l y r e p o r t e d s t u d y o f
Na0.67[Mn0.65Fe0.20Ni0.15]O2,

14 effectively providing a systematic
comparison of the effect of Ni and Cu-substitution into P2-type
sodium manganese iron oxides. The redox processes during the
first charge/discharge of Na0.67[Mn0.66Fe0.20Cu0.14]O2 is also
probed by operando X-ray absorption spectroscopy (XAS).
This technique has been widely employed to investigate the
redox behavior in layered lithium metal oxides,30−32 but very
few such studies have been reported for layered sodium metal
oxides.33,34 Our results demonstrate no evidence of transition-
metal redox participation in Nax[Mn0.66Fe0.20Cu0.14]O2 at high
potential, and suggest the contribution of oxide ion redox to
partially account for the electrochemical capacity. Over this
voltage range, the material converts from the initial P2 phase to
a new phase characterized by transition metal migration into

the interlayer space. Electrochemical measurements show that
avoiding the high-voltage transition enhances the capacity
retention and voltage stability.

■ EXPERIMENTAL SECTION
P2−Na0.67[Mn0.66Fe0.20Cu0.14]O2 and P2−Na0.67[Mn0.65Fe0.20Ni0.15]O2
were synthesized by solid-state methods. A mixture of stoichiometric
amounts of Na2CO3 (EMD Millipore, ≥ 99.5%), Mn2O3 (Sigma-
Aldrich, 99%), Fe2O3 (Sigma-Aldrich, ≥ 99%) and CuO (J. T. Baker,
99.5%) or NiO (Sigma-Aldrich,99.8%) was ball-milled at 250 rpm for
1 h and then pelletized. The pellets were heated at 700 °C for 4 h,
followed by heating at 900 °C for 6 h in air. They were cooled to 600
°C under an argon flow for 4 h and then to room temperature prior to
being transferred to an Ar-filled glovebox in a sealed tube. To
chemically oxidize Na0.67[Mn0.66Fe0.20Cu0.14]O2, the material was
mixed with an overstoichiometric amount of NO2BF4 in acetonitrile
in an Ar-filled glovebox. After 2 days, the resulting powder was washed
with acetonitrile and dried at room temperature under vacuum.

X-ray powder diffraction (XRPD) data were collected on a
PANalytical Empyrean instrument using Cu Kα radiation equipped
with a PIXcel bidimensional detector with a Ni Kβ filter. For Rietveld
refinement, XRD data was collected on a sample that was loaded in a
0.3 mm glass capillary in an Ar-filled glovebox in order to protect the
sample from exposure to air. Rietveld refinement was performed
within the FullProf35 software suite. Operando XRD experiments were
performed using a homemade hermetically sealed cell. During the
acquisition, the cell was cycled at a rate of C/20 with a pattern
collection time of ≈20 min (Δx ≈ 0.02 in NaxMO2). Lattice parameter
evolution during charge/discharge was determined using the Le Bail
method.36 Using the same diffractometer, the reciprocal space data for
pair distribution function (PDF) analysis was obtained in transmission
mode using Ag Kα radiation, a Rh Kβ filter, and a NaI scintillation
point detector. The sample was loaded in a 1 mm glass capillary in an
Ar-filled glovebox. The total collection time was 48 h. The data was
converted to PDF using PDFGetX337 software, and real space data
was fitted using PDFgui38 software. The damping factor associated
with this instrumental configuration was calibrated by refining the
structure of a silicon sample.

Figure 1. (a) XRD patterns of pristine Na0.67[Mn0.65Fe0.2Cu0.15]O2 (blue), pristine Na0.67[Mn0.66Fe0.2Cu0.14]O2 (red), and aged
Na0.67[Mn0.66Fe0.2Cu0.14]O2 in air for 3 months (black). Symbol (↓) marks the CuO impurity peak; (b) schematic presentation of P2−NaxMO2;
(c−e) SEM images of pristine Na0.67[Mn0.66Fe0.2Cu0.14]O2 (c) and the sample aged in air for 3 weeks (d) and 3 months (e).
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The SEM images were recorded using a Zeiss Ultra Plus scanning
electron microscope (FE-SEM) at 15 kV in secondary electron mode.
The metal cation molar ratios were confirmed by energy dispersive X-
ray spectroscopy (EDS) (EDAX) and inductively coupled plasma
atomic emission spectroscopy (ICP-AES; Prodigy high dispersion ICP,
Teledyne Leeman Laboratories).
The electrochemical performance of the material as a positive

electrode was investigated in 2325 coin cells using Na metal (Sigma-
Aldrich, ACS reagent) as the negative electrode and 1 M NaClO4 (Alfa
Aesar, ≥ 98%) in propylene carbonate (BASF, 99.98%) with 2 vol % of
4-fluoro-1, 3-dioxolan-2-one (FEC) (Sigma-Aldrich, 99%) as the
electrolyte. To prepare the positive electrodes, the active material was
mixed with 10 wt % carbon black (TIMCAL) and 10 wt %
polyvinylidene fluoride (PVDF) (Aldrich average Mw ≈ 534 000)
suspended in N-methyl-2-pyrrolidinone (NMP) (Sigma-Aldrich,
99.5%) and cast on aluminum foil with a typical loading of ≈7 mg/
cm2. The electrodes were separated by two glass fiber separators
(Merck Millipore). The electrode preparation procedure and cell
assembly were performed in an Ar-filled glovebox. Galvanostatic
cycling experiments were performed at room temperature with a
current density of 13 mA·g−1 (corresponding to a C/20 rate), unless
stated otherwise. For operando XRD experiments, the electrode
preparation and cell assembly were similar to those described above,
but the electrode was deposited on a thin glassy carbon substrate to
allow the penetration of X-rays.
For operando XAS experiments, modified coin cells were used

(Figure S1). An 8 μm aluminized Kapton (Sheldahl) window was
placed on the positive case of a 2325 coin cell for the penetration of
the X-ray beam. Cells were continuously charged up to 4.3 V vs Na/
Na+ at a rate of C/20 and discharged to 1.5 V at a rate of C/10 in
galvanostatic mode during data collection. Each cell was relaxed at
open circuit voltage (OCV) for an hour at the end of charge. Mn, Fe,
Cu K-edge XANES spectra were collected at the Hard X-ray Micro-
Analysis (HXMA) beamline (06ID-1) at the Canadian Light Source
(CLS). The CLS storage ring operated at 2.9 GeV and 200−250 mA
in the injection mode during the experiment. The beamline was
equipped with Si (111) and Si (220) double crystal monochromators
and Rh -and Pt-coated focusing mirrors. Reduction of higher-order
harmonics was achieved by detuning the second monochromator
crystal to 50% of the peak intensity. Data collection was performed in
the fluorescence mode using a 32 element Ge detector. The scan step-
sizes were 10 eV/step, 0.25 eV/step, and 0.1 Å−1/step for pre-edge,
XANES, and EXAFS regions, respectively. The data acquisition time
was set to 1 s/step for the pre-edge and XANES regions and was
progressively increased to 5 s/step for the EXAFS region. The total
collection time for each pattern was 40 min, equivalent to Δx ≈ 0.03
and 0.07 in NaxMO2 during charge and discharge, respectively. The
energy calibration for each spectrum was performed using the first
inflection point of the reference channel spectrum, which was
simultaneously collected from the metal foil. The reference spectra
were aligned for comparison of the ensembled data. The raw XAS data
were corrected for pre-edge and postedge background and normalized
to unit step height. The X-ray absorption near edge structure
(XANES) data were analyzed using the Athena software package.39

■ RESULTS AND DISCUSSION

Structure and Air Stability. The target composition
Na0.67[Mn0.65Fe0.20Cu0.15]O2 was synthesized by a solid-state
method. The XRD pattern of the material (Figure 1a, blue)
confirms its P2 structure (space group P63/mmc). This
structure (Figure 1b) can be described as a stack of edge-
sharing MO6 layers accommodating two different prismatic
sodium sitesNae and Nafwhich share edges and faces,
respectively, with the MO6 octahedra. The XRD pattern of the
material reveals the presence of a minor impurity phase
(marked by ↓), which is likely CuO. The small peak at ≈38.7°
is in accord with the (111) CuO reflection, whereas the second
most intense reflection of CuO at ≈ 35.5° would be overlapped

with the (100) reflection of the P2 phase and hence not be
visible. The appearance of CuO or another unidentified
impurity was reported before in the synthesis of copper-
substituted P2 compositions.24,26,40 These observations suggest
limited solubility of Cu2+ in the P2 layered structure, probably
due to its larger ionic radius (0.73 Å) compared to that of other
transition-metal cations Mn4+ (0.53 Å), Mn3+ (high spin, 0.65
Å), Fe3+ (high spin, 0.65 Å), and Ni2+ (0.69 Å).41 A single
phase material was reproducibly achieved when 10 wt % less
copper oxide was used to prepare the precursors, resulting in
the Na0.67[Mn0.66Fe0.20Cu0.14]O2 composition (Figure 1a, red).
Figure 2 shows the results of Rietveld refinement of the X-ray

powder diffraction data of Na0.67[Mn0.66Fe0.20Cu0.14]O2. The
analysis was performed on an air-protected sample, loaded into
a glass capillary in an Ar-filled glovebox and sealed from
exposure to air. The lattice parameters (a = 2.9280 Å and c =
11 .1800 Å) a re s l i gh t l y l a r ge r than those o f
Na0.67[Mn0.65Fe0.20Ni0.15]O2 (a = 2.9207 Å and c = 11.1598
Å)14 in agreement with the larger size of Cu2+ compared to
Ni2+. We note that hkl-dependent peak broadening was
observed in the XRD pattern of Na0.67[Mn0.66Fe0.20Cu0.14]O2,
similar to previously reported NaxMO2 materials:4,42 namely,
(10l) Bragg peaks are broader than (00l) reflections.
Application of a microstrain correction43 improved the peak
profile modeling.
Figure 1c shows an SEM image of as-prepared

Na0.67[Mn0.66Fe0.20Cu0.14]O2. The crystals have a plate-like
morphology, with submicron thickness and several micron
diameter basal dimensions. No impurity phase is distinguish-
able by SEM based on particle morphology. However, the SEM
image of a sample exposed to air for 3 weeks (Figure 1d) shows
particles with a different morphology (marked by a yellow
arrow). The SEM SEM image of the sample aged in air for
three months (Figure 1e) clearly demonstrates a new phase
with ribbon-like morphology. EDS analysis showed the
constituent elements to be C, O, and Na, suggesting the
formation of Na2CO3. The XRD pattern of the aged sample
(Figure 1a, black) shows major new peaks in addition to the P2
phase. The growth of sodium carbonate ribbons formed by
reaction of the material with CO2 in air, and a similar evolution
of the XRD pattern (due to the intercalation of water
molecules) were previously observed for an aged sample of
its parent composition, P2−Na2/3[Mn1/2Fe1/2]O2.

42 Recently, it
was reported that no air reactivity was observed for P2−

Figure 2. Rietveld refinement of X-ray powder diffraction data of
Na0.67[Mn0.66Fe0.2Cu0.14]O2. The observed data is shown in red
markers, the calculated pattern is shown in black, the difference curve
is shown in blue, and the Bragg reflections are shown in green. The
unit cell parameters and atomic parameters are presented in the figure
inset.
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Na7/9[Cu2/9Fe1/9Mn2/3]O2 up to 2 months,28 but our findings
are not consistent with this. Our results imply that
incorporation of copper into P2−Na2/3[Mn1/2Fe1/2]O2 could
mitigate its reactivity, but does not suppress it, and the stability

of P2−Na7/9[Cu2/9Fe1/9Mn2/3]O2 must have another origin.
Subsequent investigation, of Na0.67[Mn0.66Fe0.20Cu0.14]O2 in our
work were performed on air-protected samples to ensure that
no side-reactions occurred.

Operando X-ray Diffraction Analysis (XRD). The phase
transitions of Nax[Mn0.66Fe0.20Cu0.14]O2 during galvanostatic
charge and discharge were examined by operando XRD
analysis. Figure 3a presents a color map of the evolution of
the Nax[Mn0.66Fe0.20Cu0.14]O2 diffraction pattern over the first
discharge between 4.3 to 1.5 V at a cycling rate of C/20. Recent
studies44,45 showed the dependency of phase transitions in
layered NaxMO2 on the cycling rate. Operando XRD analysis
showed that the phase transitions induced by insertion and
extraction of sodium ions into/from Nax[Mn0.66Fe0.20Cu0.14]O2
are s imi lar to those in Na x[Mn0 . 5Fe0 . 5 ]O2 and
Nax[Mn0.65Fe0.20Ni0.15]O2.

8,14 The initial P2 structure is
preserved over a wide range of composition range but converts
to a low-crystallinity phase (referred to as the Z-phase) at high
voltage and a P′2 phase at low voltage.
The P2 stability voltage window in Nax[Mn0.66Fe0.20Cu0.14]-

O2, 2.1−4.1 V (Figure 4a), is slightly wider compared to its
parent composition Nax[Mn0.5Fe0.5]O2, 2.1−4.0 V. The in-
plane lattice parameter of the P2 structure (ahex), corresponding
to the first-neighbor M−M distance, increases on insertion of
sodium ions (Figure 4c, blue). This is agreement with the
reduction of transition-metal ions. On the other hand, the
interlayer distance contracts (Figure 4b, blue) in part due to the
increased screening effect of the Na+ ions that weakens the
electrostatic repulsion between adjacent oxygen layers.
The low voltage P′2 phase (space group: Cmcm) can be

described as the orthorhombic distortion of the hexagonal P2
phase (space group: P63/mmc) which is favored by the

Figure 3. (a) Color map illustration of the evolution of the XRD pattern of Nax[Mn0.66Fe0.2Cu0.14]O2 recorded over the first discharge during
galvanostatic cycling at a rate of C/20, along with the voltage profile of the cell vs time. The hkl reflections corresponding to the P2 phase are marked
on the figure; (b) XRD patterns of the pristine Nax[Mn0.66Fe0.2Cu0.14]O2 electrode (black), the electrode charged to 4.3 V (Z-phase, red), and the
electrode discharged to 1.5 V (P′2 phase, blue).

Figure 4. (a) Phase evolution of Nax[Mn0.66Fe0.2Cu0.14]O2 vs sodium
content over the first cycle. The asterisk * shows the cycling starting
point; (b) evolution of the average interlayer distance; and (c) in-plane
lattice parameter of Nax[Mn0.66Fe0.2Cu0.14]O2 as a function of sodium
content during the first discharge.
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cooperative effect of Jahn−Teller active ions.8,46 It is evident
(Figure 3a) that the (10l) reflections of the P2 phase split into
two in the P′2 domain, whereas (00l) peaks are preserved. The
P2−P′2 phase transition in Nax[Mn0.66Fe0.20Cu0.14]O2 starts at
x ≈ 0.72 and 2.1 V (Figure 4a), which is at a lower sodium

content compared to the onset of the transition in
Nax[Mn0.5Fe0.5]O2 and Nax[Mn0.65Fe0.20Ni0.15]O2 (x ≈
0.81).14 All of these three compositions are expected to have
a similar concentration of Jahn−Teller active Mn3+ ions at a
specific x (in NaxMO2). The fact that the P2−P′2 transition
starts at a lower sodium concentration in the copper-substituted
composition is attributed to the role of Jahn−Teller active Cu2+
ions (d9 electronic state).47 It was reported that no distortion of
t h e h e x a g on a l c e l l w a s ob s e r v e d when P2−
Na2/3[Mn1/2Fe1/4Co1/4]O2

19 was discharged to 1.5 V. That
extended domain of stability was attributed to the reduction of
Co3+ to Co2+ during discharge instead of reduction of Mn4+ to
Jahn−Teller active Mn3+ ions. An undistorted hexagonal phase
can be described in an orthorhombic cell with the following
relationship between lattice parameters; aortho = ahex, bortho = ahex
+ 2bhex (e.g., aortho = bortho/√3) and cortho = chex. Therefore, the
divergence of bortho/aortho from √3 implies a greater distortion
from the hexagonal cell. Increased orthorhombic distortion is
observed in P′2-Nax[Mn0.66Fe0.20Cu0.14]O2 as more sodium
ions are inserted into the structure (Figure 4c, green).
Transition to the Z-phase at high voltage initiates at 4.1 V, x

≈ 0.30 in Nax[Mn0.66Fe0.2Cu0.14]O2 at the first charge and
proceeds through a two-phase mechanism until 4.2 V and x ≈
0.21, where only the Z-phase exists (Figure 4a). This accounts
for an electrochemical capacity of Δx ≈ 0.46, based on the
starting composition Na0.67[Mn0.66Fe0.2Cu0.14]O2. Figure 3
shows that the (100)P2 and (110)P2 reflections are maintained
in the XRD pat te rn o f the cha rged mate r i a l ,
Na0.1[Mn0.66Fe0.2Cu0.14]O2, proving that the structural coher-
ence within MO2 layers is maintained (Figure 3b, red).
Nevertheless, the substantial broadening of (00l)P2 and (10l)P2
peaks indicates the loss of long-range order along the c-axis.
The transition from the P2 structure to this low crystalline
phase was also reported for iron-containing layered oxide
compositions Nax[Mn1/2Fe1/2]O2,

4,8,14 Nax[Mn0.65Fe0.20Ni0.15]-
O2,

14 and Nax[Mn1/2Fe1/4Co1/4]O2.
19 In our previous study,14 a

model was proposed to describe the Z-phase. We concluded

Figure 5. (a) Fit of the PDF curve of Z-Na0.1[Mn0.66Fe0.2Cu0.14]O2 in the interatomic distance range of 1.5−5.5 Å. Rw = 0.24; (b) comparison of the
experimental PDF data of Z-Nax[Mn0.66Fe0.20Cu0.14]O2 with P2 and Z- Nax[Mn0.5Fe0.5]O2. The data for the Nax[Mn0.5Fe0.5]O2 are adapted from ref
14. (c) Representation of interatomic distances d1, d2, d3, d4, and d5, corresponding to the peaks in PDF in the pristine P2 structure, O2 stacking
scheme of the Z phase, and MO2 layer. The purple and red spheres represent the transition metals and oxygen atoms, respectively, and yellow and
green polyhedra represent two different NaO6 polyhedra. The bilayer model is described in more detail in Figure S3.

Figure 6. Galvanostat ic charge/d ischarge profi l es of
Na0.67[Mn0.66Fe0.2Cu0.14]O2 at the cycling rate of C/20 (a,c) and the
discharge profile evolution (b,d), for cells cycled within the voltage
range of 1.5−4.3 V (a,b) and 2.1−4.1 V (c,d); (e) specific energy vs
the cycle number of Na0.67[Mn0.66Fe0.2Cu0.14]O2 cycled within the
voltage window of 1.5−4.3 V at a rate of C/20 (black circles) and
cycled within the voltage range of 2.1−4.1 V at different rates (colored
circles).
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that some transition metals (mainly iron) migrate into the
interlayer space at high voltage. This explains the trend
observed in the lattice parameter evolution in Figure 4b.
Migration of transition metals into interlayer tetrahedral sites
upon charge was also proposed in O3−NaxFeO2

13 and O3−
NaxCrO2

48 on the basis of ex situ XRD and XAS analyses. This
structural rearrangement is irreversible in O3 oxides, and results
in severe capacity fading. The Z-phase does convert back to the
P2 phase during discharge, as demonstrated by XRD analysis.14

However ,the slow conversion still affects capacity retention
and voltage stability (see below).
Pair Distribution Function (PDF) Analysis of the Z-

Phase. Pair distribution function (PDF) analysis using
laboratory X-ray data was employed to investigate the poorly
crystalline Z-Nax[Mn0.66Fe0.20Cu0.14]O2 phase obtained at high
voltage. The PDF represents the probability of finding any pair
of atoms at a specific interatomic distance, regardless of the
crystallinity of the structure. Because of the sensitivity of the
PDF technique to amorphous phases, a chemically oxidized
sample was prepared for this study to avoid complications that
could arise from the addition of carbon and binder in an
electrochemically oxidized electrode sample. The oxidized
sample exhibits an interlayer distance of ≈5.1 Å. On this
b a s i s , i t s c om p o s i t i o n i s e s t i m a t e d t o b e
Na0.1[Mn0.66Fe0.20Cu0.14]O2 by interpolation of the data in
Figure 4b. Compared to electrochemical oxidation (which
results in a higher interlayer d-spacing of 5.2 Å in the material),
chemical oxidation extracts a slightly more sodium. The XRD
pattern (Figure S2) also demonstrates more peak broadening
(higher disorder), in agreement with a higher sodium vacancy

compared to Z-Nax[Mn0.66Fe0.20Cu0.14]O2 prepared in the
operando cell by charging to 4.3 V.
The PDF curve of Na0.1[Mn0.66Fe0.20Cu0.14]O2 was fit (Figure

5a) using a modification of the “bilayer model” previously
proposed for the parent composition, Z-Na0.1[Mn0.5Fe0.5]O2.

14

The bilayer model comprises a stack of bilayers along the c-axis
that are randomly shifted in the ab-plane. Each bilayer has an
O2-stacking scheme of two MO2 layers and the interlayer
tetrahedral sites are partially occupied by transition metals
(Figure 5c, center). Sodium ions are neglected for simplicity,
owing to their low concentration and scattering factor. A
comparison of the experimental PDF data of Z-
Na0.1[Mn0.66Fe0.20Cu0.14]O2 with Z-Na0.1[Mn0.5Fe0.5]O2 and
the pristine phase, P2−Na0.67[Mn0.5Fe0.5]O2, is shown in Figure
5b in the interatomic distance range of 1−5.5 Å, (the data for
Nax[Mn0.5Fe0.5]O2 (x = 0.67, 0.1) are adapted from ref 14). For
all three compositions, the peaks located at ∼2 Å and ∼4.5 Å
correspond to the first M−O (d1) and third M−O (d4)
correlation lengths (Figure 5c), respectively. The second M−O
correlation length gives rise to a small peak at ≈ 3.6 Å for the
starting composition P2−Na0.67[Mn0.5Fe0.5]O2 (Figure 5b, blue
markers) with low intensity (the number of third oxygen
neighbors is twice as large as the number of second oxygen
neighbors for each M atom). This peak is screened by the peak
at 3.5 Å in the oxidized samples. The peaks located at ∼3 Å and
∼5 Å are ascribed to the first M−M (d2) and second M−M
(d5) correlation lengths, respectively. Generally, a peak
attributed to an M−M correlation is stronger than M−O at
the same distance and with the same coordination number,
because of the higher X-ray scattering factor of transition metals

Figure 7. (a) Voltage profile of a Nax[Mn0.66Fe0.20Cu0.14]O2 electrode (vs Na metal) from which the X-ray absorption spectra at the Mn K-edge were
collected. The marks on the graph show the points at which data collection was started; (b−d), normalized XANES spectra of
Nax[Mn0.66Fe0.20Cu0.14]O2 at the Mn K-edge during the first charge (b), first discharge (c), and the comparison of the initial state and the end
of discharge (d).

Chemistry of Materials Article

DOI: 10.1021/acs.chemmater.7b01146
Chem. Mater. 2017, 29, 6684−6697

6689

http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.7b01146/suppl_file/cm7b01146_si_001.pdf
http://dx.doi.org/10.1021/acs.chemmater.7b01146


compared to oxygen. Importantly, contraction of M−O and
M−M distances in Nax[Mn0.5Fe0.5]O2 after chemical oxidation
is clearly observable. In the oxidized samples, a new peak
emerges at ∼3.5 Å, whereas the intensity of the peak at ∼3 Å
decreases: i.e., the second peak in the PDF curve of the P2
structure splits in the Z-phase.
The splitting of the first M−M peak in Z-Na0.1[Mn0.5Fe0.5]O2

phase along with the disappearance of interlayer M−M
correlation peaks (>5 Å, not shown here) was previously
explained by the migration of a fraction of transition metals into
the interlayer space and destruction of P2 stacking.14 We
proposed that the transfer of electrons from oxygen orbitals to
Fe4+ cations weakens the bonding of neighboring atoms,
resulting in the migration of Fe3+ (and possibly some Mn4+)
ions out of the octahedral sites of the MO2 layer. The
interaction of the displaced transition metals with the adjacent
oxygen layers causes contraction of the interlayer distance, in
agreement with the trend observed by operando XRD. The
migration of transition metal cations to the interlayer space -
and the high concentration of sodium vacancies - results in the
glide of adjacent MO2 layers and formation of a bilayer with an
O2 stacking scheme that accommodates the migrated metal
cations in the interlayer tetrahedral sites, and sodium ions in
the octahedral sites.
A direct comparison of the effect of metal substitution is also

of interest. The interlayer distance of each bilayer in Z-
Na0.1[Mn0.66Fe0.20Cu0.14]O2 was set so that both MOh-O and
MTd-O distances are equal to the value d1 = 1.91 Å, the position
of the first peak in Figure 5a. The distance between centers of
bilayers (10.2 Å) was determined from the position of the first
peak in the XRD pattern (Figure S2), assuming that it
represents a (00l) reflection. The in-plane distances were set

based on the positions of M−M peaks in the PDF data. Overlap
of the peaks corresponding to two MTd-MOh distances, d3(i) =
3.28 Å and d3(ii) = 3.42 Å (Figure 5c), results in the third peak
in the PDF data of Z-Na0.1[Mn0.66Fe0.20Cu0.14]O2 (Figure 5a,b).
Thus, the intensity ratio of peak 3: peak 2 (which is related to
the concentration of M cations in the tetrahedral sites in the
i n t e r l a y e r s p a c e ) i n t h e PDF p r ofi l e o f Z -
Na0.1[Mn0.66Fe0.20Cu0.14]O2 is lower than Z-Na0.1[Mn0.5Fe0.5]-
O2, but higher than the previously reported Z-
Na0.1[Mn0.65Fe0.20Ni0.15]O2

14(Figure S3a). In summary, the
transition-metal migration into the interlayer space at high
voltage is decreased in the Cu-substituted composition
compared to the parent composition Z-Na0.1[Mn0.5Fe0.5]O2,
but is higher than the Ni-substituted material (Figure S3b).
In oxidized Nax[Mn0.65Fe0.20Ni0.15]O2 and Nax[Mn0.5Fe0.5]-

O2, Fe
4+ ions are stabilized by transfer of electrons from oxygen

orbitals to iron orbitals. This ligand to metal charge transfer
(LMCT), promotes weakening of the bonding of neighboring
atoms, corresponding to partial oxidation of the oxide ions, and
enabling the migration of transition metals out of the MO2
layers.14 The higher population of migrated M cations in the
Cu-substituted vs Ni-substituted composition may be due to a
higher concentration of Fe4+ ions in the charged state of the
former, considering that the Cu redox couple contributes less to
the redox capacity than Ni (see below). Moreover, strong
hybridization of O-2p orbitals with Cu-3d orbitals in Cu3+-
containing oxides, specifically high-temperature Cu-based
superconductors, is well-known.49−52 Therefore, LMCT
stabilization of Cu3+ ions, similar to Fe4+ ions, may be the
origin of the behavior at high sodium vacancy content. The
contribution of oxide ions to the redox process in
Nax[Mn0.66Fe0.20Cu0.14]O2 is also supported by XAS experi-
ments (see below). However, it should be noted that PDF
analyses were performed on chemically oxidized samples, and
the structural features in these samples are not exactly the same
as in those that are slowly charged in electrochemical cells.

Electrochemical Performance. Na0.67[Mn0.66Fe0.20Cu0.14]-
O2 delivers a high specific capacity of ≈176 mAh·g−1 in the
wide voltage range of 1.5−4.3 V, cycled at a rate of C/20 (13
mAh·g−1). The smooth galvanostatic charge/discharge profile
(Figure 6a) indicates facile (de)intercalation of sodium ions.
This is in sharp contrast to the more stepped profile exhibited
by the Ni analogue (Na0.67[Mn0.66Ni0.20Cu0.14]O2,),

40 suggest-
ing that detrimental Na-vacancy ordering is largely suppressed
in the Fe composition. However, the two phase transitionsin
particular the P2−Z transitionnonetheless result in fading of
the average voltage upon cycling and thus the delivered energy
(Figure 6b). Voltage fading is also a critical challenge with high-
energy density Li2MnO3-based electrode materials and is
proposed to be induced by irreversible structural changes.53

The large voltage polarization observed at high voltage
disappears when the P2−Z phase transition is avoided by
limiting the upper cutoff voltage (Figure 6c). When
Na0.67[Mn0.66Fe0.20Cu0.14]O2 is cycled within its P2-stability
window of 2.1−4.1 V (determined from operando XRD
analysis), a reversible capacity of 94 mAh·g−1 is obtained. The
voltage profile shows good stability over 100 cycles (Figure 6d).
In terms of specific energy, the cells exhibit an initial specific
energy of ≈272 Wh·kg−1 when cycled in this narrower window,
with specific energy retention of 84% after 100 cycles (Figure
6e). Conversely, the initial specific energy of ≈491 Wh·kg−1

obtained in the wide 1.5−4.3 V window at a rate of C/20 shows
only 40% retention after 100 cycles. With respect to rate

Figure 8. Mn K-edge pre-edge normalized XANES spectra of
Nax[Mn0.66Fe0.20Cu0.14]O2 electrode collected during (a) the first
charge and (b) the first discharge. The insets show the voltage profile
and the points at which each scan was started.
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behavior, Na0.67[Mn0.66Fe0.20Cu0.14]O2 exhibits relatively good
rate capability when cycled within the P2 stability window;
retaining 93% of the initial specific energy when the rate is
increased from C/20 (13 mA·g−1) to C/10 (26 mA·g−1) and
from C/10 to C/5 as also shown in Figure 6e. However, when a
large specific current of 190 mA·g−1 (C/1.4) is applied to the
cell, rapid energy fading results. A comparison of specific energy
r e t e n t i o n f o r N a 0 . 6 7 [ M n 0 . 6 6 F e 0 . 2 C u 0 . 1 4 ] O 2 ,
Na0.67[Mn0.65Fe0.20Ni0.15]O2, and Na0.67[Mn0.5Fe0.5]O2 cycled
at two different voltage windows and rates is presented in
Figure S4 (the data for the last two compositions is adapted
from ref 14). In the wide voltage range, Na0.67[Mn0.5Fe0.5]O2
shows much more severe fading over the initial five cycles.
However, all three compositions subsequently exhibit similar
retention.
Operando X-ray Absorption Spectroscopy. Figure S5

shows a comparison of the first and second galvanostatic
charge/discharge profile of P2−Na0.67[Mn0.66Fe0.20Cu0.14]O2

cycled vs Na metal, obtained from a conventional coin cell
and a cell designed for operando XAS measurement, at a
current rate of C/20. The data collected from the cell modified
for operando XAS experiments is very similar to the standard
coin cell; the former has a slightly higher voltage polarization,
which is expected. Lack of uniform stack pressure and
conductivity in the modified coin cell designs for operando
experiments affect the performance.54 The XANES spectra of
Nax[Mn0.66Fe0.20Cu0.14]O2 at the Mn, Fe, and Cu K-edges were
collected during the first charge and discharge in order to gain
insight into local structural changes and the charge

compensation mechanisms induced by insertion and extraction
of sodium ions.

X-ray Absorption Spectra of Nax[Mn0.66Fe0.20Cu0.14]O2 at
the Mn K-Edge. Figure 7a shows the first cycle charge/
discharge profile of a Nax[Mn0.66Fe0.20Cu0.14]O2 electrode (V vs
Na metal). The XANES spectra of the sample at the Mn K-
edge were measured at various sodium contents corresponding
to the marks in the figure; these are the points at which each
scan was started. Those marks are color coded with the
corresponding normalized XANES spectra presented in Figure
7b−d and Figure S6b, and the first derivative of the normalized
XANES spectra is presented in Figure S7 b-f. The XANES
spectra of Nax[Mn0.66Fe0.20Cu0.14]O2 at the Mn K-edge
progressively shifted to higher energy from scan M1 to M5
over the first charge (Figure 7b), indicating the oxidation of Mn
ions within this voltage range. The capacity obtained up to the
point that the scan M5 was complete (at 3.4 V; t = 3.94 h,
equivalent to Δx ≈ 0.20 in NaxMO2, see Figure S5) is in
excellent agreement with the oxidation of all the Mn3+ in
Na0.67[Mn3+0.19Mn4+0.47Fe

3+
0.20Cu

2+
0.14]O2 to Mn4+, assuming

that no parasitic reaction occurs. The Cu and Fe ions are not
electrochemically active in this voltage range up to 3.4 V. The
Mn K-edge spectra did not change significantly from scan M5
to M10, and therefore, Mn ions do not participate in the redox
process above 3.4 V. On discharge, the spectra were the same
from scan M10 to M13, but shifted to lower energy from scan
M13 to M17, indicating the reduction of Mn4+ in this region
(Figure 7c). Figure 7d shows that the edge position in scan
M17 is at lower energy than scan M1 (the pristine composition.

Figure 9. Cu K-edge XAS spectra. (a) Voltage profile of a Nax[Mn0.66Fe0.20Cu0.14]O2 electrode from which the X-ray absorption spectra at the Cu K-
edge were collected. The marks on the graph show the points at which data collection was started; (b−d) normalized XANES spectra of
Nax[Mn0.66Fe0.20Cu0.14]O2 at the Cu K-edge during the first charge (b), first discharge (c), and the comparison of the initial state and the end of
discharge (d).
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This shift indicates that the concentration of Mn3+ ions in the
discharged material has increased and explains the ortho-
rhombic distortion of Nax[Mn0.66Fe0.20Cu0.14]O2 at low voltage,
revealed by operando XRD analysis. The changes in the first
derivative curves are in perfect agreement with the
modifications observed in the normalized XANES spectra.
Mn Pre-Edge Features. The Mn K-edge XANES spectrum

of Na0.67[Mn0.66Fe0.20Cu0.14]O2 also shows a well-resolved
doublet pre-edge peak at 6541 and 6543 eV (Figure 7b−d).
The pre-edge peak in a K-edge XANES spectrum is the
consequence of two primary contributions.55 One is the electric
dipole transition from the 1s orbital to the p component of p-d
hybridized orbitals. The other is a 1s−3d transition, which is
forbidden in the electric dipole transition mechanism, but can
occur due to the electric quadrupole transition. The probability
of the latter is much lower than that of the former, meaning
that the electric quadrupole transition results in a much lower
intensity of the pre-edge peak. An electric quadrupole transition
can occur for any symmetry, whereas p−d hybridizationand
thus an electric dipole transition from 1s to the p−d hybridized
orbitalsdoes not occur for ideal octahedral symmetry.
However, the distortion of octahedral symmetry causes mixing
of 3d and 4p orbitals, resulting in an increase in the intensity of
the pre-edge peak. The pre-edge peaks in K-edge XANES
spectra of transition metals are sensitive to, and therefore
provide information about, the coordination number, symme-
try, and the number of electrons of the absorbing atom.
A doublet pre-edge peak in the K-edge XANES spectrum of a

3d transition metal with an octahedral environment is assigned

to quadrupole electric transitions to t2g and eg orbitals.
30,31,55

The intensity of the Mn pre-edge peaks increased from scan
M1 to scan M8 and remained unchanged from scan M8 to
M10, the point at which the material adopts the Z-phase
(Figure 8a). The positions of the pre-edge peaks of Mn K-edge
spectra do not shift upon charge, although the continuous shift
of the edge from scan M1 to M5 indicates increase in the Mn
oxidation state. The pre-edge peak intensity is inversely related
to the number of 3d electrons.55,56 However, the pre-edge peak
intensity of the initial composition was not recovered at the end
of discharge (Figure 8b). The pre-edge peak intensity depends
significantly on the coordination number; the pre-edge peak
intensities of four-coordinate transition-metal compounds are
much higher than those of six-coordinate compounds.55

Migration of transition metals into the interlayer tetrahedral
site occurs in some LixMO2

53,57 and NaxMO2
13,14 (M: 3d

metal) at high voltage as discussed earlier in the PDF section.
However, the increase in the intensity of pre-edge peak of this
material at voltages lower than 4.1 V cannot be attributed to the
migration of manganese ions into a tetrahedral site. The
tetrahedral site in the transition-metal layer is too small to
accommodate any manganese ions (a distance of ≈1.7 Å
between X and O in XO4 tetrahedron). Formation of O-type
stacking faults with available tetrahedral sites does not occur
because the operando X-ray diffraction analysis of the material
did not show any notable peak broadening. An increase in the
Mn pre-edge peak intensity during charge was also observed in
Li1.2[NixMnyCoz]O2.

30−32 An initial Mn4+ oxidation state was
reported for those compositions and remained unchanged

Figure 10. Fe K-edge XAS spectra. (a) Voltage profile of a Nax[Mn0.66Fe0.20Cu0.14]O2 electrode from which the X-ray absorption spectra at the Fe K-
edge were collected. The marks on the graph show the points at which data collection was started. (b−d) Normalized XANES spectra of
Nax[Mn0.66Fe0.20Cu0.14]O2 at the Fe K-edge during the first charge (b), first discharge (c), and the comparison of the initial state and the end of
discharge (d).
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during cycling. However, the progressive distortion of
octahedral symmetry of manganese ions in Li1.2[NixMnyCoz]O2
during charge and discharge was correlated with the change in
intensity of pre-edge peaks. The higher intensity of Mn pre-
edge peaks compared to those of the Fe and Cu pre-edge peaks
of the materials in our study (see below) can be attributed to
the lower number of 3d electrons in Mn3+ and Mn4+. The
increase of the pre-edge intensity in the Mn K-edge spectra
probably originates from the Mn ion’s octahedral symmetry
distortion that precludes exact description, similar to the case of
some Li-rich transition-metal oxides.30−32

X-ray Absorption Spectra of Nax[Mn0.66Fe0.20Cu0.14]O2 at
the Cu K-Edge. Figure 9 and Figures S8−S9 show the
normalized XANES spectra of Nax[Mn0.66Fe0.20Cu0.14]O2 and
their first derivative curves measured at the Cu K-edge during
first charge and discharge, along with the charge/discharge
profile of the cell (Figure 9a). The spectra do not show any
significant changes from scan C1 to scan C5 because here,
Mn3+ oxidation predominates. A small shift to higher energy is
observed in the position of the XANES spectra from scan C5
(3.6 V) to scan C7 (4.0 V; Figure 9b), which corresponds to
oxidation of an additional Δx ≈ 0.12 (Figure S5) beyond the
Mn3+/4+ couple that is complete at ∼3.5 V. Following that,
there is no important change in the position or shape of the
spectra, indicating that oxidation of Cu2+ to Cu3+ is complete
around 4.0 V. During discharge, the K-edge peak shifts to lower
energy from scan C11 to C12, in agreement with reduction of
Cu3+ back to Cu2+. We note that the shift in the position of the
absorption edge and modification of the Cu K-edge peak
features reported for Nax[Cu1/3Mn2/3]O2

26 on charge were

more prominent. It may be that not all the copper ions are
oxidized in Nax[Mn0.66Fe0.20Cu0.14]O2 during charge. Another
mechanism that might be involved in the change of the local Cu
ion structure is electron transfer from oxide ions to copper ions.
The Cu K-edge spectrum of Na0.67[Mn0.66Fe0.20Cu0.14]O2

shows a very weak single pre-edge peak (Figure S10). A single
pre-edge peak is expected for Cu2+ (d9) because the t2g orbital is
fully occupied and only an electric quadrupole transition to the
eg orbital can occur. The X-ray absorption spectra of the later
elements of the first-row transition metals, particularly Cu,
show much weaker intensity of the pre-edge peak compared to
those of early transition metals in accord with what we observe.
However, their pre-edge peak intensities increase significantly
by changing from a 6-fold coordination environment to a 4-
fold.55 The lack of change of the Cu pre-edge peak over cycling
shows that the octahedral environment of copper ions is well
preserved.

X-ray Absorption Spectra of Nax[Mn0.66Fe0.20Cu0.14]O2 at
the Fe K-Edge. The normalized XANES spectra of Fe ions in
Nax[Mn0.66Fe0.20Cu0.14]O2 demonstrate no discernible change
in the rising edge of absorption spectra from scan F1 to F6
during charge, but small modifications are observed in the
absorption maxima (Figure S11). The most noticeable
evolution in the Fe K-edge spectra during charge appears at
scan F7 (which started at 4.06 V, see Figure 10a): the peak
maximum intensity clearly decreases (Figure 10b). Similar
behavior was observed for the Fe K-edge XANES spectrum of
P2−Na2/3[Mn1/2Fe1/2]O2 on charging from 3.8 to 4.2 V.4 Scan
F8 and F9 overlap perfectly and change slightly at the
absorption maximum compared to scan F7. However, scan
F10collected at open circuit voltage after charging to 4.3 V
shows a slight change of the absorption edge and maximum
compared with scans F8 and F9.
During discharge, the Fe K-edge XANES spectra remain

virtually the same from scan F10 to scan F12, but they change
from scan F12−F13 (Figure 10c). Comparison of scan F1 and
F13 demonstrates an irreversible modification in the shape of
the spectrum, at the absorption maximum and higher energy
region, caused by charge and discharge (Figure 10d). No shift is
observed in the Fe K-edge position in the first derivative curves
of the spectra of Nax[Mn0.66Fe0.20Cu0.14]O2 at various
compositions (x) during charge and discharge, although the
intensity changes at high voltage (Figure S12). This behavior is
different from the other transition metals measured in this
study, but similar to that of Nax[Mn1/2Fe1/2]O2

4 and
NaxFeO2,

13 in which the oxidation of Fe3+ to Fe4+ was
demonstrated by Mössbauer spectroscopy. The changes in the
shape and the intensity of absorption maxima in Fe K-edge
XANES spectra seem to originate from local structure
modification at the Fe centers.
If the modifications in the shape and intensity of the spectra

are attributed to the oxidation of iron ions, then they contribute
only a very small fraction of the capacity during the charge of
the Nax[Mn0.66Fe0.20Cu0.14]O2/Na cell (see Figure S5),
assuming that the Fe3+/4+ redox process dominates within the
narrow voltage window of 3.9 to 4.1 V (corresponding to scan
F6 to F7).
It was reported14 that the Fe4+ ion fraction in the oxidized

states of Nax[Mn0.5+yNiyFe0.5−2y]O2 (x ≈ 0.15, y = 0, 0.1, 0.15)
measured by Mössbauer spectroscopy were systematically lower
than the values expected from electrochemical measurements.
We previously proposed redox activity of oxide ions based on a
combination of structural characterization, Mössbauer spec-

Figure 11. Fe K-edge XAS spectra. Pre-edge normalized XANES
spectra of Nax[Mn0.66Fe0.20Cu0.14]O2 electrode during (a) the first
charge and (b) the first discharge collected at the Fe K-edge. The
insets show the voltage profile and the points at which each scan was
started.
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troscopy, and electrochemical measurements. In another
study,58 about 20% of Fe4+ ions formed by charging O3-
NaFeO2 to 3.6 V were reduced back to Fe3+ during the storage
of the charged cell at open circuit voltage. It was suggested that
although conventional organic electrolytes are expected to be
stable over this voltage range, the catalytic effect of Fe4+ ions
facilitates the oxidation of the electrolyte. However, this is not
expected to affect the spectra in this study because of the real-
time nature of the operando characterization.
Fe Pre-Edge Features. The shape of the pre-edge peak in the

Fe K-edge spectrum of Na0.67[Mn0.66Fe0.20Cu0.14]O2 is noisy
due to the interference from Mn ion X-ray absorption. The pre-
edge peak intensity increases from scan F7 to F9 (Figure 11a),
in the voltage region which the Z-phase is formed. It was
reported that the intensity of the pre-edge peak similarly
increased in the Fe K-edge XANES spectra of O3−Na1−xFeO2
on charge to 4 V vs Na.13 Moreover, their EXAFS data showed
a decrease in the distance of the first coordination shell (Fe−O)
and the intensity of the second coordination shell (Fe−Fe).
Significant improvement is found in the capacity retention and
the voltage polarization of O3-NaFeO2 when the cutoff voltage
is limited to 3.4 V. Based on the evolution of Fe K-edge
XANES data, irreversible migration of some of Fe3+ ions into
tetrahedral sites in the O3 interlayer space at high voltage was
suggested as the origin of the electrochemical degradation.13 As
we discussed above, the increase in the intensity of pre-edge
peak in our Fe K-edge XANES spectra supports the migration
of a small fraction of Fe ions into interlayer P2-tetrahedral sites
at high voltage (>4.1 V) based on the PDF analysis of this
material and other Fe-containing P2-type sodium metal
oxides.14 The intensity of the pre-edge peak did not recover
to its initial value during discharge to 3.4 V, where scan F13 was
collected (Figure 11b). However, the reversibility of the high-
voltage phase transition in P2-type Fe-containing oxides is
different from O3-type materials as evidenced by their
electrochemical performance; a P2−Na0.67[Mn0.66Fe0.20Cu0.14]-
O2/Na cell delivers ≈96% of its initial capacity in the fifth
discharge when cycled within 1.5−4.3 V range, whereas an O3-
NaFeO2/Na cell shows less than 20% of its initial capacity after
5 cycles when cycled within the 2.5−4.0 V range. Moreover, the
first discharge capacity of O3-NaFeO2 is decreased by
increasing the upper limit of the cycling voltage from 3.5 to
4.5 V.

■ CONCLUSIONS

St ructura l and e lec t rochemica l inves t iga t ion of
Na0.67[Mn3+0.19Mn4+0.47Fe

3+
0.20Cu

2+
0.14]O2 as a positive elec-

trode demonstrates that ≈ 0.45−0.50 mol Na+ per one mole of
active material are electrochemically extracted in the first charge
up to 4 .3 V. The operando XANES study of
Nax[Mn0.66Fe0.20Cu0.14]O2 collected at the Mn, Fe and Cu K-
edges indicates the contribution of each transition-metal ion to
the oxidation reaction in different voltage regimes as
demonstrated by the shift in the absorption edges. By
correlation to the operando electrochemical profile on charge,
we see that the oxidation of Mn3+, Fe3+ and Cu2+ to Mn4+,
Fe3+,4+, and Cu2+,3+, respectively, compensate the charge for
only the extraction of Δx ≈ 0.35 mol Na+ up to 4.1 V (x ≈ 0.2
is assigned to Mn3+/4+ oxidation; and x ≈ 0.15 to a combination
of Cu2/3+ and Fe3/4+ redox).
A summary of our observations on Nax[Mn0.66Fe0.20Cu0.14]-

O2 when charged above 4.1 V is as follows:

(1) The operando XRD data shows that the P2 phase
initiates a transition to a low-crystalline phase at 4.1 V,
and the interlayer distance continually decreases to the
end of charge (4.3 V).

(2) Ex situ PDF analysis of a chemically oxidized sample
demonstrates there is migration of the transition-metal
ions into the tetrahedral sites of the interlayer space
(with an O2-stacking), explaining the shrinkage of the
interlayer distance on charge above 4.1 V.

(3) Electrochemical analysis shows that charging above 4.1 V
results in high-voltage polarization, capacity fading, and
voltage fading.

(4) The XANES spectra of the transition metals show no
discernible evolution in the peak edges and maxima
during charge above 4.1 V.

(5) The combination of the first 3 observations above clearly
shows that the electrode material in the bulk evolves on
during charge at high voltage above 4.1 V. However (i.e.,
point 4), XANES spectra do not show any redox activity
of transition metals in that voltage range, implying the
redox activity of oxide anions occurs simultaneously with
metal migration.

The role of ligand to metal charge transfer was previously
proposed in some sodium metal oxides, such as P2−
Na0.67[Mn0.5Fe0.5]O2

13,14 and O3-NaFe0.3Ni0.7O2.
15 The redox

chemistry of oxide anions in Li2MO3-based oxides (M:
transition metal), such as Li1+x[NiyCozMn1−x−y−z]O2 and
Li2[Ru1−yMy]O3, has gained much attention recently.57,59−64

Lithium-excess manganese-rich transitional metal oxides deliver
high capacities (beyond the values expected from transition-
metal redox reactions) along with a characteristic voltage
plateau during the first charge. Oxygen evolution from the
structure is considered an important mechanism involved in the
first charge oxidation process of Li2MnO3-based oxides.65,66 It
was reported that the oxygen participation into the first charge
process of Li1.20[Mn0.54Co0.13Ni0.13]O2

60 is in the form of
irreversible O2 gas evolution at the surface, whereas within the
bulk, oxide ions are partially oxidized and are reduced back at
the following discharge. On the other hand, a combination of
X-ray photoelectron spectroscopy, transmission electron
microscopy, and density functional theory (DFT) calculations
studies of Li2[Ru1−yMy]O3 revealed the reversible oxidation of
oxide ions to peroxo-like O2

2− species, concomitant with the
migration of transition metals within the metal and lithium
layers.57 In a recent study,67 a significant contribution of oxygen
to the redox reaction of O3-NaFe0.5Ni0.5O2 was determined by
a combination of X-ray spectroscopy, Mössbauer spectroscopy,
and density functional theory calculations.
O u r o p e r a n d o X A N E S s t u d y o f P 2 −

Na0.67[Mn0.66Fe0.20Cu0.14]O2 strongly supports the reversible
participation of oxide anions in the redox process. Electrolyte
decomposition cannot be the main mechanism that accounts
for the charge obtained at voltages higher than 4.1 V, because
the accompanying phase transition implies an evolution of the
structure. The evolution of oxygen from the structure cannot be
the principal oxidation mechanism in this system as
demonstrated by the good reversibility of the redox reaction.
The migration of transition-metal ions suggested by our pair
distribution function analysis appears to be concomitant with,
or triggered by, possible oxide anion redox. Further study of
anionic redox chemistry in this material, such as O K-edge and
3d metal L-edge XANES measurement, is underway in our lab
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to achieve an in-depth understanding of the involved redox
reactions, which is necessary for the design of high-performance
electrode materials for Na-ion batteries.
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